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All animals must excrete the waste products of
metabolism. Excretion is performed by the kid-
ney in vertebrates and by the Malpighian tu-
bules in Drosophila. The mammalian kidney
has an inherent ability for recovery and regener-
ation after ischemic injury. Stem cells and pro-
genitor cells have been proposed to be respon-
sible for repair and regeneration of injured renal
tissue. In Drosophila, the Malpighian tubules
are thought to be very stable and no stem cells
have been identified. We have identified multi-
potent stem cells in the region of lower tubules
and ureters of theMalpighian tubules. Using lin-
eage tracing and molecular marker labeling, we
demonstrated that several differentiated cells in
the Malpighian tubules arise from the stem cells
and an autocrine JAK-STAT signaling regulates
the stem cells’ self-renewal. Identifying adult
kidney stem cells inDrosophilamay provide im-
portant clues for understanding mammalian
kidney repair and regeneration during injury.
INTRODUCTION
Human or mammalian kidneys develop from two sources:
ureteric bud (metanephric diverticulum) and the meta-
nephric mesoderm (Saxen, 1987; Moore, 1988; Sorokin
et al., 1995). Amature kidney consists of twoparts: a neph-
ron, derived from the metanephric mesoderm, and a col-
lecting tubule, derived from the ureteric bud. Tissue cul-
ture studies have shown that the mutual induction of
ureteric bud andmetanephric mesoderm direct the kidney
formation. The branching of the ureteric bud is dependent
upon induction by the metanephric mesoderm, and the
differentiation of the nephrons relies on the induction by
the collecting tubules (Moore, 1988; Saxen, 1987; Sorokin
et al., 1995). The ureteric bud and its branched derivatives
first invade the metanephric mesoderm, induce the mes-
enchymal cells undergoing a structural transition, and be-
come a second polarized epithelium. The two neighboring
cell layers then fuse to form a single epithelial structure,
the kidney. The epithelium originating from the ureteric
bud will give rise to the ureter and the collecting ducts,Cwhereas the metanephric mesoderm-derived portion will
form the nephrons and glomerulli, the blood-filtering and
urine-producing tubular units of the mature kidney.
The Drosophila kidneys (Malpighian tubules or MTs)
also develop from two sources: hindgut primordium (ecto-
dermal epithelia) and the visceral mesoderm (Denholm
et al., 2003; Jung et al., 2005; Schejter and Shilo, 2003).
Early in embryogenesis, interaction between the midgut
and the hindgut anlagen refines the expression domain
of the transcription factor Kru¨ppel (Kr). Kr further regulates
the expression of another transcription factor, Cut. As
a consequence of Kr and Cut expression, the cells change
shape and theMT primordia evert from the hindgut. In par-
allel to Kr and Cut, the wingless (Wg) also plays a role in
MT cell allocation.Within the tubule primordia, a cell called
the tip cell is specified via the Notch pathway. The tip cell
expresses Kr and also secretes epidermal growth factor
(EGF). The EGF then stimulates mitosis in neighboring
cells and the growth of tubules by addition of new cells.
The tubules then enter the vicinity of the caudal mesoderm
and interact with a subpopulation of the caudal mesoderm
to induce themesoderm cells to undergo amesenchymal-
to-epithelial transition. The mesoderm-derived, polarized
epithelium then progressively incorporates into the tubule
epithelium as stellate cells (SCs), whereas the ectoderm-
derived epithelium becomes the principal cells (PCs) and
the ureter.
The above information illustrates that common princi-
ples, such as the interaction of two distinct cell popula-
tions, are used in the development of the mammalian kid-
ney and Drosophila MTs. Even the pathway (Wnt) or
molecules (Kr-Glis2/Klf-6, Cut-Cux-1) that are involved
in the induction of tubulogenesis or cell differentiation
(Hibris-Nephron) seem to have been conserved through
evolution (Denholm et al., 2003; Jung et al., 2005).
The adult Drosophila has four MTs, a longer anterior,
and a short posterior pair, which converge through com-
mon ureters onto the alimentary canal (Pugatcheva and
Mamon, 2003; So¨zen et al., 1997; Wessing and Eichel-
berg, 1978; Figure 1A). Each tubule of the longer anterior
pair can be divided in four compartments: initial, transi-
tional, main (secretary), and proximal (reabsorptive)
(Figure 1A). The latter can be further divided into lower
tubule and ureter. The first three compartments of each tu-
bule consist of two cell types and 150 cells. Type I cells,
also known as principal or primary cells, through which
cations and organic solutes are transported, are the majorell Stem Cell 1, 191–203, August 2007 ª2007 Elsevier Inc. 191
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Identification of Kidney Stem Cells in DrosophilaFigure 1. The Drosophila MTs and Their Cells
(A) A drawing (adapted from Wessing and Eichelberg [1978]) of the Drosophila MTs. Drosophila has four tubules; the anterior pair is longer than the
posterior pair (one tubule of each pair is depicted). Each tubule has four distinct morphologic regions: initial, transitional, and main segments, and
lower tubule. The two tubules in each pair merge together at ureters and connect to the gut at the midgut-hindgut boundary.
(B and F) The MTs from a tsh-lacZ fly stained with DAPI (blue), anti-b-galactosidase (green), and anti-Cut (red). Red arrows point to the Cut-positive
cells in ureter, lower tubule, and main segment. Green arrows point to b-galactosidase-positive type II cell in the main segment. White arrowheads
point to tiny cells in the region of lower tubules and ureters. Yellow arrow points to posterior midgut that is negative for both Cut and b-galactosidase.
b-galactosidase-positive type II cells interspersed with Cut-positive type I cells in the upper tubules (main, transitional, and initial segments). Scale
bars in (B), (C), and (F) represent 10 mm; in (D) and (E), 5 mm.tubule cell type (80%); type II cells, also known as sec-
ondary or stellate cells, through which water and chloride
ion flow (Jung et al., 2005; Pugatcheva andMamon, 2003),
are interspersed at regular intervals with the type I cells.
The type I cells express the transcription factor Cut, and
the type II cells express the transcription factor Teashirt
(TSH) (Jung et al., 2005). The cut-positive type I cells are
found in the initial, transitional, and main segments, and
the region of lower tubules and ureters, whereas the
type II cells are located in the initial, transitional, and
main segments of the tubules but were not found in either
lower tubules or ureters (Pugatcheva and Mamon, 2003;
So¨zen et al., 1997; Figure 1B of this study). A previous
study (Pugatcheva and Mamon, 2003; So¨zen et al.,
1997) also identified so-called ‘‘tiny’’ cells in the proximal
compartment (including lower tubules and ureters). The
tiny cells were proposed to be homologs of myoendocrine
cells of the ants Formica, which collect the urine in the re-
nal duct and secrete neurohormones in the hemolymph.192 Cell Stem Cell 1, 191–203, August 2007 ª2007 Elsevier IncIt is well known that some adult mammal renal tissues
that are lost through injury can be repaired or regenerated.
Ischemic injury to the kidney causes death of renal cells,
followed by tubular regeneration and recovery of renal
function. In animal models, the completely lost glomerular
structures can be regenerated after immunologic injury
(Haller et al., 2005). In amphibians, such as skate and
shark (Elger et al., 2003), the adult animal can regenerate
new nephrons. However, the source of the proliferating
cells that repopulate the injured nephrons or regenerate
the lost renal tissues is not clear. In a recent report, Oliver
et al. discovered that the renal papilla contains large num-
bers of slowly cycling cells and may be a niche for adult
kidney stem cells. These slow-cycling cells quickly enter
the cell cycle and may participate in renal regeneration af-
ter ischemic injury (Oliver et al., 2004). In the little skate,
Leucoraja erinacea, a nephrogenic zone has been identi-
fied in the adult kidney (Elger et al., 2003). The zone con-
tains stem cell-like mesenchymal cells. These pioneer.
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stem cells and identified their proximate location in the
kidney. However, additional studies are needed to identify
these cells and confirm their ‘‘stemness,’’ such as self-
renewal and the ability to generate more than one termi-
nally differentiated cell type.
The adult DrosophilaMTs have been thought to be very
stable (Skaer, 1993). The developmental program of the
tubules is mostly completed during embryogenesis. Dur-
ing metamorphosis, the other parts of the gut are entirely
remodeled, the larval gut is degenerated, and the adult gut
is formed. TheMTs are an exception; they did not remodel
during metamorphosis and remain almost unmodified in
the adult. No adult stem cells have been described in
the MTs. In this report, we show that the tiny cells in the
region of lower tubules and ureters function asmultipotent
adult stem cells and that an autocrine JAK-STAT signaling
regulates the stem cells’ self-renewal.
RESULTS
The Proximal Region of MTs Contains Unique
Cell Types
We re-examined the cell types in theMTs with an antibody
to Cut and a tsh-lacZ enhancer trap line. Consistent with
previous reports, we found that the Cut-positive type I
cells are in the whole MTs (including initial, transitional,
main segments, lower tubules, and ureters; Figures 1C,
1E, and 1F), whereas the b-gal-positive type II cells are
only found in the upper tubules (including initial, transi-
tional, and main segments; Figures 1C and 1E). The nuclei
of the type I cells are larger than those of the type II cells
(Figures 1B and 1D). The b-gal-positive type II cells have
‘‘stellate’’ morphology in the main segments and have
‘‘bar-shaped’’ morphology in the initial and transitional
segments. The posterior midgut expresses neither Cut
nor tsh-lacZ (Figure 1F, yellow arrow).
The lower tubules and ureters are composed of three
types of cells based on their nuclear sizes (Figures 2A
and 2B). The first type has a small nucleus (white arrow-
head in Figure 2A) andmostly lies close to the tubular walls
(Figure 2B). Cells of the second type are Cut positive (Fig-
ures 1C and 1F), have large and oval nuclei (white arrow in
Figure 2A), and are distant from the tubular walls
(Figure 2B). The small cells may correspond to the previ-
ously reported tiny cells in the lower tubules and ureters
(So¨zen et al., 1997). Cells of the third type have intermedi-
ate nuclear size (green arrowhead in Figure 2A) and may
be the transition type cells between the small and large
nuclear cells.
The Tiny Cells Are Proliferating and Express Unique
Molecular Markers
To further characterize the proliferating cells in the MTs,
we performed 5-bromodeoxyuridine (BrdU) incorporation
experiments. We found that BrdU labels all three cell types
in the region of lower tubules and ureters (Figure 2C). No
BrdU-labeled cells were detected in the upper tubules
(data not shown). In both larvae and adult tissues, manyCcells undergo endoreplication (Edgar and Orr-Weaver,
2001). Both endoreplicating and dividing cells synthesize
newDNAs and can be labeled by BrdU.We further stained
the tissue for phospho-histone H3 to distinguish endo-
replicating from dividing cells in the MTs. Although BrdU
labels all three cell types in the region of the lower tubules
and ureters, the phospho-histone H3 staining was only
detected among the population of cells with small nuclei
(Figures 2D and 2E, yellow arrows; Figures 2I and 2J,
white arrows). These data suggest that the cells with small
nuclei are dividing and the cells with intermediate and
large nuclei are undergoing endoreplication. We also
stained the tissue for Armadillo (Arm, the b-catenin homo-
log). The Arm staining clearly outlined the small nuclear
cells in the region of lower tubules and ureters (Figure 2F).
To characterize the tiny cells further, we searched for
additional cell-specific molecular markers in the MTs.
We found that the transcription factors escargot (esg; Fig-
ures 2G and 2I) and kr (Figures 2H and 2J) are specifically
expressed in the small nuclear cells (arrows) in the region
of the lower tubules and ureters. We further found that
both esg and kr occasionally label a pair of phospho-his-
tone H3-positive dividing cells (Figures 2I and 2J, arrows).
The function of the esg gene is to maintain cells as diploid
in Drosophila imaginal cells (Fuse et al., 1994). Therefore,
the esg-positive small nuclear cells in MTs are likely dip-
loid cells. In the Drosophila digestive system, the region
of lower tubules and ureters is anatomically next to the
posterior midgut, a transcriptional reporter of the Notch
signaling pathway (Su[H]GBE-lacZ), and the transcription
factor Prospero (Pros) were reported to be expressed in
the small cells in the posterior midgut (Micchelli and Perri-
mon, 2005; Ohlstein and Spradling, 2005). We checked
the Su(H)GBE-lacZ and Pros in the MTs and found that
neither Su(H)GBE-lacZ nor Pros is expressed in the region
of lower tubules and ureters (data not shown). Therefore,
the MTs and posterior midgut express different molecular
markers; Cut and tsh-lacZ are expressed only in the MTs
and not in the posterior midgut (Figure 1F), whereas
Su(H)GBE-lacZ and Pros are only expressed in the poste-
rior midgut and not in the MTs. Therefore, the MTs and
posterior midgut are composed of distinct cell types.
The Small Nuclear Cells in the Region of Lower
Tubules and Ureters Are Multipotent Stem Cells
To find out whether the MTs are maintained by stem cells,
we first used a positively marked mosaic lineage (PMML)
labeling technique (Kirilly et al., 2005) to label and trace
cells that undergo mitotic divisions. The production of
GFP-marked clones is dependent on mitotic recombina-
tion. Therefore, the technique allowed us to directly detect
proliferating cells. The adult flies bearing transgenes of
a heat shock-inducible flipase (hs-FLP), a reporterless ac-
tin5C promoter, and a promoterless Gal4 with a UAS-
EGFP were heat shocked to induce FLP-FRT-mediated
mitotic recombination and generate an active actin5C-
Gal4 for driving UAS-EGFP expression. After heat shock
in 2-, 5-, or 10-day-old wild-type adult flies, GFP-marked
clones were detected only in the region of the lowerell Stem Cell 1, 191–203, August 2007 ª2007 Elsevier Inc. 193
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Identification of Kidney Stem Cells in DrosophilaFigure 2. The Small Nuclear Cells Are Proliferating and Express Unique Molecular Markers in the Region of Lower Tubules
and Ureters of Adult Drosophila MTs
(A and B) Cells with three different-sized nuclei occupy distinct positions in the region of lower tubules and ureters (phalloidin, red; DAPI, blue). White
arrow, green arrowhead, andwhite arrowhead in (A) point to the large, intermediate, and small nuclear cells, respectively. The cells with small nuclei lie
primarily in close proximity to the tubular walls, whereas the cells with large and oval nuclei are distant from the tubular walls (B).
(C) BrdU labels the small (white arrows), intermediate (yellow arrow), and large (green arrow) nuclear cells (anti-BrdU, red; DAPI, blue).
(D and E) The phospho-histone H3 labels only a small nuclear cell (yellow arrows; anti-phospho-histone H3, red; anti-Arm, green; and DAPI, blue).
(F) Anti-Arm staining outlines the small nuclear cells (white arrows; anti-Arm, red; and DAPI, blue).
(G) esg-Gal4/UAS-GFP is specifically expressed in the small nuclear cells (white arrows in [G] and [I]; anti-GFP, green; anti-Arm, red; and DAPI, blue).
(H) kr-Gal4/UAS-GFP is specifically expressed in the small nuclear cells (white arrows; anti-GFP, green; anti-Arm, red; and DAPI, blue).
(I and J) Both esg (I) and kr (J) sometimes label a pair of phospho-histone H3-positive dividing cells (white arrows in [I] and [J]; anti-GFP, green; anti-
phospho-histone H3, red; and DAPI, blue). Scale bars in (G) and (H) represent 10 mm; in (A), (C)(F), and (I)(J), 5 mm; and in (B), 2 mm.tubules and ureters, and not in the upper tubules of the
MTs (Figure 3A). No GFP-marked clones were detected
in control animals that had identical genotypes but did
not undergo heat shock treatment (data not shown). Two
days after clone induction (ACI), the GFP primarily labeled
the small nuclear cells (white arrows in Figures 3A and 3B).
Only one large nuclear cell clone (white arrowhead in
Figure 3A) was usually detected in each MT. As described
below, the marked small nuclear cell is a stem clone, and194 Cell Stem Cell 1, 191–203, August 2007 ª2007 Elsevier Incthe marked, large nuclear cell is a nonstem cell, ‘‘tran-
sient’’ clone. Because the nonstem cell clones are very in-
frequent, these cells must have very limited proliferation
potential.
We further traced the GFP-marked clones for 4, 6, and
10 days ACI to follow the fates of the marked cells. At
4 and 6 days ACI, the GFP clones were restricted primarily
to the region of the lower tubules and ureters (Figures 3C-–
3H). In this region, the GFP marked individual small.
Cell Stem Cell
Identification of Kidney Stem Cells in DrosophilaFigure 3. The Tiny Cells in the Regions of Lower Tubules and Ureters Are Multipotent Stem Cells
GFP (green) label cells derived from PMML clones.
(A) GFPmarks primarily the small nuclear cells (white arrow) in the region of lower tubules and ureters, but not the TSH-positive (red, green arrow) type
II cells in the upper tubules of the MTs (2 days ACI). One transient large nuclear cell GFP clone (white arrowhead) was also detected in the MTs. DAPI
staining in blue.
(B) An enlarged view of GFP-marked clones (2 days ACI) showing that the GFPmarks primarily the small nuclear cells (anti-Arm, red; anti-GFP, green;
and DAPI, blue).
(C–F) Four days ACI. The GFP marks clones of cluster cells with small, intermediate, and large nuclei. Two examples of clones show the basal RNSC
(arrowheads), RB (arrows), and apical direction of growth (dashed arrows; anti-GFP, green; and DAPI, blue).
(G and H) Six days ACI. The GFPmarks cluster cells with small, intermediate, and large nuclei in the region of the lower tubules and ureters (anti-Arm,
red; anti-GFP, green; and DAPI, blue).
(I) Four days ACI. Some of theGFP-marked small nuclear cells (arrows)migrated to themain segment (anti-Arm, red; anti-GFP, green; andDAPI, blue).
(J–N) Ten days ACI. In the region of the lower tubules and ureters, the GFP marks cell clusters (one cluster of cells is highlighted in [K]). In the upper
tubule, the GFP labels both Cut-positive (red in [M] and [N]) type I cells (yellow arrowheads) and TSH-positive (red in [L]) type II cells (yellow arrows in
[L][N]). White dashed arrows in (A) point from the ureter to upper tubules. Scale bars in (A) represent 20 mm; in (G) and (J), 10 mm; and in (B)(F),
(H)(I), and (K)(N), 5 mm.nuclear cells (yellow arrows in Figure 3G) and cluster cells
with small, intermediate, and large nuclei (two examples
are shown in large views in Figures 3C–3F). By observing
the clonal expansion from 4 to 6 days ACI, we found that
most basal diploid cells (white arrowheads in Figures 3C
and 3E) function as stem cells, which we term the renal
and nephric stem cells (RNSCs). The RNSCs contacted
their immature diploid daughters (white arrows in Figures
3C and 3E), which we term the renalblast (RB). After addi-
tional RNSC divisions, the former RB began to expand in
size and DNA content, becoming intermediate and large
nuclear cells (Figures 3C–3F). The intermediate and large
nuclear cells in the region of the lower tubules and ureters
expressed Cut but may function differently from the Cut-
positive type I cells in the upper tubules because the upper
and lower tubules ofMTs have distinguishable functions inCexcreting the waste products. We term the intermediate
and large nuclear cells the early and late renalcyte (RC).
At 4 and 6 days ACI, the GFP also marked some diploid
small nuclear cells in the main segments (Figure 3I). The
GFP-marked small nuclear cells in the main segments
likely came from the lower tubules because they were
not in the main segments 2 days ACI. Further, these
main-segment small nuclear cells did not proliferate and
never formed clusters of cells; they moved up and differ-
entiated into both TSH-positive and Cut-positive cells in
the initial and transition segments at 10 days ACI (Figures
3L–3N).
At 10 days ACI, the GFP labeled the entire MT. In the
region of lower tubules and ureters, the GFP marked
individual small nuclear cells and cluster cells with small,
intermediate, and large nuclei (Figures 3J and 3K); in theell Stem Cell 1, 191–203, August 2007 ª2007 Elsevier Inc. 195
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ilar to Figure 3I); and in the initial and transition segments,
the GFP labeled both TSH-positive type II and Cut-
positive type I cells (Figures 3L–3N). The ratio of TSH-
positive:Cut-positive cells was about 4:1, suggesting
that the type II cells turn over faster than type I cells in
the upper tubules.
We also used another sensitive lineage labeling method
that did not rely on Gal4 (Harrison and Perrimon, 1993). In
these experiments, clones expressing a nuclear-targeted
b-galactosidase (b-gal) protein were generated after the
adult flies bearing transgenes of a hs-FLP, a reporterless
tubulin promoter, and a promoterless lacZ were heat
shocked to induce FLP-FRT-mediatedmitotic recombina-
tion and generate an active tubulin promoter-lacZ gene.
Similar results were observed by using the second clone
marking technique (data not shown).
The above data suggest that the small nuclear cells in
the regions of the lower tubules and ureters function as
multipotent stem cells in the renal tubules. An RNSC can
produce one RB through asymmetric division. The RB
can have two fates. In the region of lower tubules and ure-
ters, the RB can become a mature RC in about 5 days
through endoreplication. The RB can also move toward
the distal upper tubules and finally differentiate into
a type I or II cell in the transitional and initial segments. It
takes about 10 days for an RB to move up and finally dif-
ferentiate into a type I or II cell in the transitional and initial
segments.
An Autocrine JAK-STAT Signaling Operates
in the Small Nuclear Cells
In Drosophila testis and ovary, germline stem cells are an-
chored to a group of nondividing somatic cells. These so-
matic cells reside in a fixed location and function as stem
cell niches. In the MTs, the RNSCs do not attach to any
particular cell types and are scattered over the region of
the lower tubules and ureters. We wondered how the
RNSCs are regulated in such an arrangement. To identify
the signaling that regulates the RNSC self-renewal, we ex-
amined the expression of the components of the JAK-
STAT signal transduction pathway in MTs because the
signaling regulates stem cell self-renewal in several other
stem cell systems (Decotto and Spradling, 2005; Kiger
et al., 2001; Tulina and Matunis, 2001). The Drosophila
JAK/STAT signal transduction pathway has five major
components (Arbouzova and Zeidler, 2006). A transmem-
brane protein, Domeless (Dome, also called Master of
Marrelle [Mom]; Brown and Hombria, 2001; Chen et al.,
2002), functions as a receptor of the signal transduction
pathway. A secreted glycoprotein, Unpaired (Upd), is a li-
gand of the Dome receptor (Harrison et al., 1998). The sig-
nal is trasduced through the only Drosophila JAK kinase
homolog, Hopscotch (Hop; Binari and Perrimon, 1994),
to the only Drosophila STAT homolog, Stat92E (Hou
et al., 1996; Yan et al., 1996). The pathway is also regu-
lated by a negative regulator, Socs36E (Callus and
Mathey-Prevot, 2002). The activated Stat92E then enters196 Cell Stem Cell 1, 191–203, August 2007 ª2007 Elsevier Inthe nucleus to activate its target genes’ transcription (Ar-
bouzova and Zeidler, 2006).
We first examined the receptor dome expression in the
MTs by using the dome-Gal4/UAS-GFP flies. The dome-
Gal4/UAS-GFP was expressed in a mosaic pattern in the
MTs (Figure 4A). In the region of the lower tubules and ure-
ters, it was expressed in both small and large nuclear cells
(Figure 4B). We also examined upd expression in the upd-
Gal4/UAS-GFP flies and found that the upd-Gal4/UAS-
GFP was only expressed in the single small nuclear cells
in the region of lower tubules and ureters (Figures 4C
and 4D, arrows). Some of the upd-Gal4/UAS-GFP-labeled
cells were also phospho-histone H3 positive (Figure 4E,
arrow). However, unlike the esg-Gal4/UAS-GFP (Figure 2I)
and the kr-Gal4/UAS-GFP (Figure 2J), the upd-Gal4/UAS-
GFP only labeled a single phospho-histone H3-positive
cell (Figure 4E) and never labeled a pair of phospho-
histone H3-positive dividing cells (compare Figure 4E
with Figures 2I and 2J). It is likely that upd is only ex-
pressed in RNSCs, and esg and kr are expressed in both
RNSCs and RBs. One pair of anterior MTs had an average
of 97 upd-expressed cells (n = 12), 157 esg-expressed
cells (n = 7), and 174 kr-expressed cells (n = 8). If we con-
sider that half of the esg-expressed cells or the
kr-expressed cells are RNSCs, the total number of RNSCs
in one pair of anterior MTs should be 79–87. However,
we observed that some RNSCs were quiescent cells
and were not asymmetrically dividing into one RNSC
and one RB. Therefore, the actual number of RBs should
be less than RNSCs. We estimate that the number of
RNSCs in one pair of anterior MTs should be close to
the number of upd-expressed cells (97).
We also examined Stat92E protein expression in wild-
type flies (Figure 4F). The nuclear Stat92E was detected
in both single and pairs of small nuclear cells (possibly in
both RNSCs and RBs) in the region of the lower tubules
and ureters. Because Stat92E protein level is regulated
by the JAK-STAT signaling (Chen et al., 2002) and the
Stat92E protein expression is readout of the signaling,
the JAK-STAT signaling is activated in both RNSCs and
RBs. The RNSCs produced both the ligand Upd and the
receptor Dome; therefore, an autocrine JAK-STAT signal-
ing operates in the RNSCs.
The JAK-STAT Signaling Regulates the RNSCs’
Self-Renewal
We examined the JAK-STAT pathway’s function on
RNSCs. Using the PMML technique, we first generated
GFP-marked clones that also overexpress upd (PMML-
UAS-upd; Figure 5). In the PMML-UAS-upd flies, we found
that the MT size was enlarged significantly (compare
Figures 5B and 5A). The number of GFP-marked clones
(Figure 5C) and Stat92E-positive small nuclear cells was
dramatically higher (Figure 5E). However, most Stat92E-
positive small nuclear cells were GFP negative, indicating
that the secreted Upd from the GFP-positive clones
stimulated cell proliferation in the neighbor cells. We
also counted the total number of cells and the number of
GFP-positive cells in both the PMML-wild-type and thec.
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erating in RNSCs
(A) dome-Gal4/UAS-GFP is expressed in the
whole MT (anti-GFP, green; DAPI, blue).
(B) In the region of lower tubules and ureters,
dome-Gal4/UAS-GFP is expressed in both
the small nuclear cells (arrows) and the large
nuclear cells (arrowheads; anti-Arm, red; anti-
GFP, green; and DAPI, blue).
(C) upd-Gal4/UAS-GFP is only expressed in
the region of lower tubules and ureters (ar-
rows), but not in the upper tubules (anti-GFP,
green; DAPI, blue).
(D) In the region of lower tubules and ureters,
upd-Gal4/UAS-GFP is expressed only in the
small nuclear cells (arrows; anti-Arm, red;
anti-GFP, green; and DAPI, blue), and one
upd-expressed cell is also phospho-histone
H3 positive (arrow in [E]; anti- phospho-histone
H3, red; anti-GFP, green; and DAPI, blue).
(F) Stat92E protein is expressed only in the
small nuclear cells (arrow) in the region of lower
tubules and ureters (anti-Stat92E, green; anti-
Arm, red; and DAPI, blue). White dashed
arrows in (A)(D) point from the ureter to upper
tubules. Scale bars in (A) represent 40 mm;
in (C), 20 mm; in (B) and (D), 10 mm; and in (E)
and (F), 5 mm.PMML-UAS-upd flies, based on DAPI and GFP stainings.
One pair of anterior MTs had an average of 497 cells (n =
23) in the PMML-wild-type flies and 2645 cells (n = 23) in
the PMML-UAS-upd flies. Two days ACI, one pair of ante-
rior MTs had an average of 35 GFP-positive cells (25
RNSCs+RBs and 10 RCs; n = 67) in the PMML-wild-type
flies and 1350 GFP-positive cells (550 RNSCs+RBs and
800 RCs; n = 34) in the PMML-UAS-upd flies. Unlike the
mostly single small nuclear cell clones in the PMML-
wild-type flies (Figures 3A and 3B), most clones were
composed of cluster cells 2 days ACI in the PMML-
UAS-upd flies (Figures 5F–5J). Each cluster had one
RNSC (arrowhead in Figure 5J), one RB (arrow in
Figure 5J), and one RC. The PMML-UAS-upd flies also
showed an increase in phospho-histone H3 staining
(mitotic index = phospho-histone H3-positive cells/one
pair of anterior MTs: mitotic index in the PMML-UAS-
upd flies = 8, n = 17; and mitotic index in the PMML-
wild-type flies = 3, n = 14). These data suggest that
overexpression of updmakes RNSCs more active, accel-
erating both their self-renewal and differentiation into RC.
We also traced the GFP-marked clones for 4, 6, and
10 days ACI in the PMML-UAS-upd flies and found that
the GFP-marked small nuclear cells moved up and differ-
entiate into type I and II cells in the upper tubules, like
those in the wild-type control flies. Therefore, the acceler-
ating proliferation and differentiation of RNSCs were con-
fined to the region of lower tubules and ureters, and cellCmigration and differentiation in the upper tubules in the
Upd overexpressed flies were similar to that in the wild-
type control flies. These findings suggest that factors
other than the JAK-STAT signalingmay restrict the RNSCs
to the region of the lower tubules and ureters.
We further tested the effect of reducing the JAK-STAT
signaling by generating GFP-marked clones that also
overexpress socs36E using the PMML technique
(PMML-UAS-socs36E; Figure 5D). In the PMML-UAS-
socs36E flies, only GFP-marked large nuclear cells were
detected in the MTs (Figure 5D), suggesting that reducing
the JAK-STAT signaling caused the RNSC loss.
The JAK-STAT Signaling Autonomously Regulates
the RNSCs’ Self-Renewal
To determine whether the JAK-STAT is directly required in
the RNSCs, we generated Stat92E null clones, using the
mosaic analysis with a repressible cell marker (MARCM)
system (Lee and Luo, 1999). Marked clones homozygous
for wild-type control (Figure 6A), Stat92E06346 (Figure 6B),
Stat92Ej6C8 (Figure 6C), and Stat92Ej6C8 UAS-Stat92E
(Figure 6D) were generated in the MTs and identified by
GFP expression. In the control flies, the GFP marked pri-
marily cell clusters with both Arm-positive small nuclear
cells and large nuclear cells in the region of the lower tu-
bules and ureters (Figure 6A); in the Stat92E06346 and
Stat92Ej6C8 mutation flies, the GFP marks (100%, n =
45) a few large nuclear cells in the lower tubules (Figuresell Stem Cell 1, 191–203, August 2007 ª2007 Elsevier Inc. 197
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(A) MTs with PMML wild-type clones.
(B) MTs with PMML clones that overexpress upd (PMML-UAS-upd). In the PMML-UAS-upd flies, the MT size was enlarged dramatically (compare [B]
with [A]) and the number of GFP-marked clones increased greatly ([C]: anti-GFP, green; DAPI, blue).
(D) MTs with PMML clones that overexpress socs36E (PMML-UAS-socs36E). In the PMML-UAS-socs36E flies, only a few of the GFP-marked large
nuclear cells were detected in the MTs (anti-Arm, red; anti-GFP, green; and DAPI, blue).
(E) In the PMML-UAS-upd flies, the number of Stat92E-positive (red) small nuclear cells is dramatically increased (anti-Stat92E, red; anti-GFP, green;
and DAPI, blue). However, most Stat92E-positive cells are GFP negative, indicating that the secreted Upd from the GFP-positive clones stimulate
cells proliferation in the neighbor cells.
(FJ) Two days ACI in the PMML-UAS-upd flies, most GFPs mark cluster cells. Two examples of clones are shown in (G)–(J) (outlined by dashed
lines). Each cluster has one RNSC (arrowhead), one RB (arrow), and one RC. Dashed arrows in (A)(D) point from the ureter to upper tubules. Scale
bars in (A) and (B) represent 20 mm; in (C)(E), 10 mm; and in (F)(J), 5 mm.6B and 6C) and differentiated type I and type II cells in the
upper tubules (data not shown), indicating that without the
JAK-STAT signaling the RNSCs differentiated and moved
out of their normal location in the region of lower tubules
and ureters prematurely. Further, simultaneously express-
ingUAS-Stat92E in theStat92Ej6C8mutant clones rescued
the Stat92Ej6C8 mutant phenotypes to those of the wild-
type controls, the GFP-marked cell clusters of both small
and large nuclear cells in the UAS-Stat92E + Stat92Ej6C8
flies (Figure 6D).
RNSC lossmight be caused by cell death.We examined
cell death in MTs with marked clones homozygous for
wild-type control (Figure 6E), Stat92E06346 (Figure 6F),
Stat92Ej6C8 (Figure 6G), and Stat92Ej6C8 UAS-Stat92E198 Cell Stem Cell 1, 191–203, August 2007 ª2007 Elsevier Inc(Figure 6H) using an Apoptag kit. Some dying cells were
detected in the whole MTs of the four genotypes, but the
dying cells did not overlap with GFP and the numbers of
dying cells were not significantly different among MTs of
the four genotypes. This observation suggests that the
JAK-STAT signaling functions in the RNSCs and regulates
the stem cell self-renewal. Loss of the JAK-STAT signaling
results in the RNSC differentiation rather than cell death.
The Relative Strength of the JAK-STAT Signaling
May Regulate Either Self-Renewal or Differentiation
in RNSCs
To gain insight into how the JAK-STAT signaling regulates
RNSC self-renewal or differentiation, we further examined.
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MTs with GFP-marked wild-type (A), Stat92E06346 (B), Stat92Ej6C8 (C), and Stat92Ej6C8UAS-Stat92E (D) MARCM clones. Notice that the Arm-positive
small nuclear RNSCs (white arrows) were lost in MTs with Stat92Emutant MARCM clones (B and C) and recovered in MTs with UAS-Stat92E rescue
(D). Red arrows in (A)(D) point to the large RCs. MTs with GFP-marked clones homozygous for wild-type control (E), Stat92E06346 (F), Stat92Ej6C8 (G),
andStat92Ej6C8UAS-Stat92E (H) were stainedwith anti-GFP and Apoptag kit to detect dead cells. Dashed arrows in (A)(H) point from ureter to upper
tubules. Scale bars in (A)–(H) represent 10 mm.the activity of the JAK-STAT signaling in the MTs by using
a GFP reporter (Stat92E reporter-GFP) that detects the
activation of the Drosophila JAK-STAT pathway in vivo
(Bach et al., 2007). Stat92E reporter-GFP was expressed
in the Arm-positive small nuclear cells from ureter to the
lower part of themain segments (Figure 7A). From the ure-
ter upward, the GFP signal is gradually reduced and com-
pletely diminished in the lower part of main segment. We
may call the Stat92E reporter-GFP-positive segment
(from the ureter to the lower part of main segment) the
JAK-STAT signaling domain. Even in the JAK-STAT sig-
naling domain, some small nuclear cells expressed strong
GFP (white arrows in Figures 7A and 7B), whereas the
other small nuclear cells expressed weak GFP (red arrows
in Figures 7A and 7B). It is possible that the strong GFP
cells are RNSCs and the weak GFP cells are RBs. The
strong JAK-STAT signaling regulates RNSC self-renewal,
and the weak JAK-STAT signaling prepares RB for
differentiation.
DISCUSSION
The kidney has an inherent ability to recover and regener-
ate lost tissue after acute damage. It has been proposed
that stem cells and progenitor cells are responsible for
the repair and regeneration of the injured renal tissue.
However, researchers differ as to the source of regenerat-Ceing renal cells. The regenerating renal cellsmay come from
one of the three possible sources, based on previous
studies (Haller et al., 2005; Ricardo and Deane, 2005).
First, the circulating blood contains bone marrow-derived
stem cells able to differentiate into nonhematopoietic
cells, such as cells of the kidney. Second, the differenti-
ated glomerular and tubular cells may also be able to de-
differentiate into stem-like cells to repair the damaged tis-
sues. Third, large numbers of slowly cycling cells have
recently been identified in the mouse renal papilla region;
these cells may be adult kidney stem cells andmay partic-
ipate in renal regeneration after ischemic injury (Oliver
et al., 2004). Further, the ureter and the renal collecting
ducts were formed from the epithelium originating from
the ureteric bud, and the nephrons and glomerulli were
formed from the metanephric mesoderm-derived portion
during kidney development. Two distinguished stem cell
types have been proposed as responsible for repairing
the renal collecting tubules and the nephrons (Oliver
et al., 2004). In this study, we identified a type of multipo-
tent stem cells (RNSCs) in the Drosophila renal organ. The
stem cells are able to generate all cell types of the adult fly
MTs (Figure 7C). In the region of lower tubules and ureters,
autocrine JAK-STAT signaling regulates the stem cell self-
renewal. Weak JAK-STAT signalingmay convert an RNSC
into an RB, which will differentiate into an RC in the region
of lower tubules and ureters and a type I or type II cell in thell Stem Cell 1, 191–203, August 2007 ª2007 Elsevier Inc. 199
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Identification of Kidney Stem Cells in DrosophilaFigure 7. The Relative Strength of the JAK-STAT Signaling May Regulate Either RNSCs’ Self-Renewal or Differentiation
(A and B) Stat92E reporter-GFP is expressed only in small nuclear cells in the region of the lower tubules and ureters (anti-Arm, red; anti-GFP, green;
and DAPI, blue). From the ureter upward, the GFP signal is gradually reduced and completely diminished in the lower part of main segment. We may
call the Stat92E reporter-GFP-positive segment (from the ureter to lower part of main segment) the JAK-STAT signaling domain. Even in the JAK-
STAT signaling domain, some small nuclear cells express strong GFP (white arrows), whereas the other small nuclear cells express weak GFP
(red arrows). The strong GFP cells may identify RNSCs, and the weak GFP cells may identify RBs.
(C) Proposed model of the RNSC lineage (discussed in text). Dashed arrows in (A) and (B) point from the ureter to upper tubules. Scale bars in (A) and
(B) represent 10 mm.upper tubules. These data indicate that only one type of
stem cell may be responsible for repair and regeneration
of the whole damaged tissues in mammalian kidney.
Drosophila RNSCs Are Not Regulated
by a Fixed Niche
The Drosophila RNSCs represent a unique model to study
the molecular mechanisms that regulate stem cell or can-
cer stem cell behavior. In most of the stem cell systems
that have been well characterized to date, stem cells al-
ways reside in a specialized microenvironment, called
a niche (Fuchs et al., 2004; Spradling et al., 2001). A niche
is a subset of neighboring stromal cells and has a fixed an-
atomical location. The stromal cells often secrete growth
factors to regulate stem cell behavior. The stem cell niche
plays an essential role in maintaining stem cells, and stem200 Cell Stem Cell 1, 191–203, August 2007 ª2007 Elsevier Inccells will lose stem cell status once they are detached from
the niche (Wang et al., 2006). The niche often provides the
balanced (proliferation-inhibiting and proliferation-stimu-
lating) signals that keep the stem cells dividing slowly.
The inhibitory signals keep the stem cell quiescent most
of the time while the stimulating signals promote stem
cell division, to replenish lost differentiated cells. Maintain-
ing the balance between proliferation-inhibiting and prolif-
eration-stimulating signals is the key to maintaining tissue
homeostasis (Li and Neaves, 2006).
Drosophila RNSCs are controlled differently. We dem-
onstrated that the JAK-STAT signaling regulates the
stem cell self-renewal. We further found that both the li-
gand Upd and the receptor Dome are expressed in the
RNSCs, and the autocrine JAK-STAT signaling regulates
the stem cell self-renewal; thus, the self-sufficient stem.
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need to be constrained to a fixed niche. However, the
RNSCs are still confined to the region of lower tubules
and ureters even in the Upd overexpressed flies, suggest-
ing that some other factors besides the JAK-STAT signal-
ing may restrict the RNSCs to the region of the lower
tubules and ureters.
JAK-STAT Signaling and Cancer Stem Cells
Recent studies also suggest that tumors may arise from
small populations of so-called cancer stem cells (CSCs;
Li and Neaves, 2006; Pardal et al., 2003; Wang and
Dick, 2005). The CSCs probably have arisen from muta-
tions that dysregulate normal stem cell self-renewal. For
example, mutations that block the proliferation-inhibiting
signals or promote the proliferation-stimulating signals
can convert the normal stem cells into CSCs. We demon-
strated that amplifying the JAK-STAT signaling by over-
expressing its ligand Upd stimulates the RNSCs to prolif-
erate and also to differentiate into RC, which results in
tumorous overgrowth in the MT. Therefore, theDrosophila
RNSC system may also be a valuable in vivo system in
which to study CSC regulation.
Comparison of the Drosophila RNSCs with ISCs
The RNSCs are located in the region of the lower tubules
and ureter of the MTs, whereas ISCs are located at the
posterior midgut. The MTs’ ureters connect to the poste-
rior midgut. The two types of stem cells are at close ana-
tomical locations in the adult fly digestion system and also
share some properties. For example, both of them are
small nuclear cells, Arm positive, and express esg. How-
ever, RNSCs and ISCs produce distinctly different pro-
genies. ISCs produce progenies that include either
Su(H)GBE-lacZ- or Pros-positive cells, which are not
among the progenies of RNSCs because Su(H)GBE-lacZ
and Pros are not expressed in the MTs. RNSCs produce
progenies that include Cut- or TSH-positive cells, which
are not among the progenies of ISCs because Cut and
TSH are not expressed in the posterior midgut. One pos-
sibility for this difference is that, although RNSCs and ISCs
originate from the same stem cell pool, their particular
environments restrict their differentiation patterns. Future
experiments, such as transferring RNSCs to the posterior
midgut and vice versa, should be able to test this model.
JAK-STAT Signaling May Be a General Stem Cell
Signaling and esg May Be a General Stem Cell
Marker
The JAK-STAT signaling regulates self-renewal of the
male germline, the male somatic, and female escort
stem cells in fly (Decotto and Spradling, 2005; Kiger
et al., 2001; Nystul and Spradling, 2006; Tulina and Matu-
nis, 2001). The signaling also regulates self-renewal and
maintenance of mammalian embryonic stem cells (Mat-
suda et al., 1999; Ying et al., 2003). In this study, we re-
ported that the JAK-STAT signaling regulates self-renewal
of RNSCs. The JAK-STAT signalingmay be a general stemCecell signaling and also regulate stem cell self-renewal in
other, uncharacterized stem cell systems.
esg has been used as a marker of both male germline
stem cells (Kiger et al., 2001; Wang et al., 2006) and
ISCs (Micchelli and Perrimon, 2005). In this study, we
demonstrated that the esg-Gal4.UAS-GFP transgene is
specifically expressed in RNSCs. The function of the esg
gene is to maintain cells as diploid in Drosophila imaginal
cells (Fuse et al., 1994). Stem cells may have to be diploid,
and esg may be a general stem cell factor. Identifying
a stem cell signaling pathway (such as the JAK-STAT sig-
nal transduction pathway) and a stem cell factor (such as
esg) will provide useful tools for identifying stem cells in
other systems and for understanding stem cell regulation
in general.
EXPERIMENTAL PROCEDURES
Drosophila Stocks
Oregon R was used as wild-type. Other fly stocks used in this study,
described either in FlyBase or as otherwise specified, were as follows:
hs-FLP UAS-srcEGFP, FRT52B(y) (yellow-FRT-Gal4), UAS-upd
FRT52B(y), FRT52B(w)(white-Actin5C-FRT) UAS-EGFP, and upd-Gal4
were provided by T. Xie (Kirilly et al., 2005); esg-Gal4 was provided
by S. Hyashi; dome-Gal4 was provided by S. Noselli; UAS-socs36E-
45 was a gift from B. Mathey-Prevot; Stat92E reporter-GFP was pro-
vided by G. Baeg (Bach et al., 2007); UAS-upd, FRT82B-Stat92Ej6C8,
and FRT82B-Stat92E06346 were described previously (Hou et al.,
1996; Chen et al., 2002);UAS-Stat92E was generated in Hou’s labora-
tory; and Kr-Gal4 UAS-GFP, tsh-lacZ (tsh04519), AyGal4 UAS-GFP,
SM6, hs-Flp, FRT82B-tub-Gal80, and FRT82B were obtained from the
Bloomington stock center.
Flies were raised on standard Drosophila media at 25C unless oth-
erwise indicated. Chromosomes and mutations that are not described
in the text can be found in Flybase (http://flybase.bio.indiana.edu).
Generating GFP-Positive Marked Clones with MARCM
and PMML
To use the MARCM system to generate GFP-marked wild-type or
Stat92E mutant clones, AyGal4 UAS-GFP/+; FRT82B +/Ly, AyGal4
UAS-GFP/+; FRT82B Stat92E06346/Ly, AyGal4 UAS-GFP/+; FRT82B
Stat92Ej6C8/Ly, and AyGal4 UAS-GFP/+; FRT82B Stat92Ej6C8
UAS-Stat92E/Ly males were mated with virgin females of genotype
SM6, hs-Flp/+; FRT82B-tub-Gal80/TM3, and Sb, respectively. To use
the PMML system to generate GFP-marked clones that also overex-
press their respective genes, hs-Flp UAS-srcEGFP; FRT52B(w) UAS-
EGFP/Cyo virgin females were mated with males of genotypes
FRT52B(y)/Cyo, UAS-upd FRT52B(y)/Cyo, or UAS-socs36E FRT52B(y)/
Cyo, respectively. One- or two-day-old adult non-TM3, Sb, and
non-Ly or non-Cyo females were heat shocked one (for PMML) or
six (for MARCM) times (37C, 60 min) in 3 consecutive days, with an
interval of 8–12 hr between heat shocks. The flies were transferred
to fresh food daily after heat shocks, and their MTs were processed
for staining at indicated times.
BrdU Labeling
Female flies were starved at 25C for 16 hr and then fed 100 mM BrdU
(Sigma) in a paste of yeast granule and sucrose in water for 4 days. MT
was dissected on the fifth day, fixed with 4% formaldehyde, and
stained with anti-BrdU antibodies.
Immunofluorescence Staining and Microscopy
MTs were dissected and stained as described previously (Singh et al.,
2006). Confocal images were obtained by using a Zeiss LSM510
system and processed with Adobe Photoshop CS2.ll Stem Cell 1, 191–203, August 2007 ª2007 Elsevier Inc. 201
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antibody (1:500; Chen et al., 2002), rabbit polyclonal anti-TSH antibody
(1:500; gift from S. Cohen), rabbit polyclonal anti-b-gal antibody
(1:1000; Cappel), rabbit polyclonal anti-phophohistone H3 (1:1000;
Upstate Biotechnology), mouse monoclonal anti-Armadillo N7A1
(1:4; Developmental Studies Hybridoma Bank [DSHB]), mouse mono-
clonal anti-Cut antibody (1:10; DSHB), mouse monoclonal anti-BrdU
antibody (1:100; Becton Dickson), rabbit polyclonal anti-GFP antibody
(1:200; Molecular Probes), and mouse monoclonal anti-GFP antibody
(1:100; Molecular Probes). Secondary Abs were goat anti-mouse and
goat anti-rabbit IgG conjugated to Alexa 488 or Alexa 568 (1:400; Mo-
lecular Probes). DAPI (Sigma) was used to stain DNAs. Actins were
stained with phalloidin stain solution (Phalltoxin; Molecular Probes).
Detection of Apoptosis
We used an Apoptag Red In Situ Detection Kit (Chemicon) to detect
cell death in the MTs. The MTs were dissected and fixed in 4% form-
aldehyde in PBX as described above. Fixed MTs were washed in PBX
and cell death detected according to the manufacturer’s instruction.
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